
LA-UR- 94-3568

TitkT

Aufbr(s).

submittedro

LosAliamos
NATIONAL LABORATORY

T. C. PIuym, R. E. ~US=, P. N. Arendt, x= D= Wu

F. ?4.Mueller, I. H. Campb?ll, Q. Jia, M. E. Hawley,
E. J. Peterson, P= Ti=ri, W= L. Holstein-

Appl i@ Superconductivity Conf. , Boston, MA
October 16-21, 1994

~@~16uTloN OF THIS DbX#/$m~~o/~n~LM&

I.OSAb?KJONmonal I-ebomlow.an aHImatIvos@mWIId -MY w@Yaf ISOWNd @ ~h UI’WWWYOf~~~omla lor~he .
undei mnlfti W ?405-ENCI3S By acce@armed thb arlti, !ha wMdwr racqrwen thatthe U S Qwernrwimlrwam~a mnenc:uwe, royally Irae kanea 10
publish01wpfduc@ lb pubhakd formd IIN8c9n411Mon.or 10diow o!lwmto do ao. Ior U S W ‘ernnwrdpurpoaas The b AlemosNational Laboralwy
requeeb thst OvapubhahardanlI~ We+afilc!.eanwrk padormndunderthe auapcand the U S DaparWnonlol Hwroy

Form No EW FW
ST?S26110EI!

About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov



. . .

superconducting T12Ba2CaCu20~ Thin Films Prepa:ed by Post-Annealing
a Flow-Through Multiple-Zone Furnace

Tammy C. Pluyrn, Ross E. Muenchausen, Paul N. Arendt. X. D. Wu, Fred M. Mueller, Ian H. Campbell, Q. X. Jia,
Marilyn E. Hawley, Eric J. Peterson, and Prabhat Tiwasi.
Los Alamos National Laboratory, l-as A1arnos, NM 87545

William L. Holstein
DuPont Central Research and~Development, Experimental Station, W ilming[on, DE 19880-0304

Absfruct--T12Ba 2Ca Cu2O8 thin films were prepared
for the ffrst time by use of a multiple-zone flow.
through thallltsatlon process. Thallous oxide was
volatilized from condensed thallium oxide in a low
temperature source zone a, d convec!lvely
transported to a higher tempera t~.~e thallinatlon
zone In which initially amorphous Ba2Ca C u20 s
precursor films were located. By cari ftsl control 0!
the source temperature, h? m temperature, flow rate,
annea! time, and rates of ~leat up anri cool down,
smooth T12Ba2Ca Cts20 E thin films were prepared on
(loo) L&Alo3 with ihe rollowlng ,~ropertles:
inductive Tc of 107.6 K and 80% transition width of
1.3 K, transport Jc at 75 K of 1.3 X I@ A/cm2, ssnd

R, at 10 GHz and 80 K of 1.3 mfil. The scalability of
the process to large area film processing was
demonstrated by the preparation of T12Ba2Ca Ctt208
thin ftlms on LaA103 three-inch diameter wafers.

1, INTRoDu0w3N

Several of the TIBaCaCuO superconducting phases possess
critical transition temperatures Tc well in excess of the
boiling point of liquid niirogen [ l]. Or these phases,
T12Ba~CaCu208 (2212-TIBaCaCuO), with a TC up to 110 K
reporled for powdm [2], has found the greatest use to date for
thin film microwave applications due to the relative ease with
which it can be fabricated into thin films with good electrical
propenies and acceptable surface morp~.ology [3], [4].

A variety of thallina:ion processes have been used to
prepare TIBaCaCuO superconducting min films. Most work
has concentrated on thallinations carried out in the presence of
thallium oxide-containing buffer powders (usually one of the
superconducting phases) within either sealed gold pouches [51,
[6] or closed, but unsealed, platinum or alurfiina crucibles [3],
[7] - [9]. While 2212 -TIBaCaCuO thin films have been made
on substrates as large as 3 inches in diameter with such
processes [ 10], further scale up is anticipated to bc difficult.

DeLuca ei iI1. [ I 1] demonstrated the first successful use of
a closed tube, stagnant gas two-temperature zone thallination
process, in which the thtiliium oxide source zone was kept ut

a lower temperature than the film. Such a tw(]-temperitttrre
zcme process has the major udvanhtges over the buffer powder
processes of allowing for the use cd’condensed thti]lium oxide
ix the sm.rrce of gaseous T120 and for the independent control

of the T120 partinl pressure throughout Ihe entire process,
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The use of a two-temperature zone process with a flowing -
rather than a stagnant - gas atmosphere is anticipated to have
several advantages over the stagnant gas process because of
the grea[er control of the thallination step afforded by the
more rapid convective versus diffusive uansport of thallous
oxide from the source zone to the tlmllination zone [12]. An
earlier attempt at such a process yielded mixed-phase
TfBaCaCuO films reportedly due to the transpotl of the Ba,
Ca, and Cu atoms away from the substrate [7].

In this work, we describe the first successful preparation of
thallium-containing TIBaCaCuO thin frlms in a flow-through

mtrl!iple-zone thallination process. Results are presented
predominantly foi 2212-TIBaCaCuO, but TlBa2CaCu207
( 1212 -TIBaCaCuO) thin films were also successfully
prepared, and we anticipate that the process will prove to be
adaptable to the preparation of a wide variety of other
thallium-containing phases.

11, EXPERIMENT

A. Material.r

Thallic oxide (T1203)powder (Aldrich, 99.99% ptrrity) was
used as the sole source of volatile thalious oxide (T120), and
all experiments were camied out with 10% 02/Ar as the camier
gas. All frlms were prepared on ( 100) LaA103 substrates
polished on both sides, and substrate size varied from 5 mm
square to 3 inch dnmeter.

Ba2CaCu205 precursor films of thickness ahcrut 500 nm
were deposited by otl’-axis rf magnetron sputtering [3]. The
precursor films were amorphous as determined by x-ray
diffraction, Both scanning electron microscopy and optical
microscopy simwed them io be smooth and fcatuie!ess.

B, Apparatus

The experimental sys(em is shown in Fig, 1. The reitctor
vessel consisted of a 3.5 inch diameter alumina reactor tube
locat~d inside a furnace with three independent temperature-
control zones. Alumina-sheathed thermocouples monitored
(he temperatures of the high temperahrre z.mre containing the
film and the low temperature zone containing the thallium
oxide source powder, The tempcrat ure protile was controlled
to provide for a uniform tcmperssture of*2°C over the ureu the
substrates were placed. Gold foil flow restric(ors were used (o
minimize the axial diffusive trunsport of T120 upstream,
downstream. and between zones [ I31.
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111. RESULTS
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Fig. 1. t.~u$ for producing 2212 -llBabG.rO qicrmniucling tilrns.

The flow-through thallination process was carried out at
ambient #essure (0.8 atsn in Los Alamos). The O#Ar carrier
gas was passed rhrough a column of ascarite (sodium
nydroxi&+20ated silica) and drierite (CaS04) to furtlw remove
COZ and residual water prior to entering the reactor. After
passing through the rewtor, the gas entered a region of low
temperature where condensation of thallium oxide tmk place.
The gas was then pawed through a high efficiency particulate
(HEPA) filter to trap any residual thalli~m cxide particulate
transported out of the condensation zone before being
exhausted to a vent.

Prior to the star! of each run, the gas flow was established
and the tube was flushed with the 10% 02/As gas mixture.
The process flow rate was set and the three zones of the
furnace were then independently controlled to produce the
desired temperature-time profile for the source and thallination
zones. Following Cooldowr to room temperature, the films
were removed for analysis. The entire run - from heutup to
cooldown - lasted about 8 hours.

C. Chamctedzation Techniques

Uptake of thallium oxide was measured with x-ray
fluorescence (XRF) using the relative integrated peak
intensities \uncon-ected) for TI La and G Ka peaks, X-ray
diffraction (XRD) @26 scans recorded with Cu Ka radiation
determined the primary and secondmy phases in the films. In
adaition, XRD rocking curves using the (00,12) 2212-
TIBaCaCuO reflection were used to measure the degree of c-
taxis alignment with the substrate. Film morphology and
roughness were studied by both scanning elcctson microscopy
(SEM) and atomic force microscopy (AFM), Critical current
density J. was measured by a four-pint method at 77 K.

Surface resistance was measured at 27.5 GHz by the HTS-
sapphire dielectric resunator method using films prcpti rm
12 mm square substrates [ 14]. Surface resistance was
calculated from We measured Q-wrluc and S parameters at !uw
power. For purpuses of comparison, the results are rcpmlcd
at 1(1GHz using the cornlnonly acccptcd sculing law tha~
surfncc rc: iwmce is proportional to the squurc d’ (hc
frequency, which hns hcen shown previously h} hold f~w
2212-TIBaCtiCu(l thin films [ lo!,

A. Phase Formation

The following process variables were first investigated to
scope out the range of conditions leading to 2212-
TIBaCaCuO thin films: thallium oxide source temperature,
film temperature, flow rate. lime at maximum temperature
and Coohlown rate. 1! was found that smooth 2212-
TIBaCaCuO thin films could be produced at a film
temperature of 785 ‘C, which is higher than the lowest
Aallination temperature of 720 “C previously reported [15]
but much lower than the “?mpera:~re of 850 “C commonly
used for buffer powder muclble thallination processes [3], [6],
[9], and more extensive expnments were carried out at this
temperatum.

The following results were obtained at a constant film
tempxature of 785 “C, umstam flow ra ‘c, and vasiable source
temperature. Under such conditions, the source temperature
determines the partial pressure of thallous oxide delivered to
the thallination zone. If the gas strcarn is saturated with
thallous oxide in the source zone. the partial pressure of IIzO
can be determined from rherrnodynamic data available in the
literature [13]. Since we did not ‘isccrtain that the gas stream
was saturated in the present study, we present results
qualitatively in terms of increasing source temperature instead
of quantitatively in terms of TIzO partial pressure.

At the lowest source temperatures studied, c-axis oriented
1212-TIBaCaCuO thin films were produca.1. The uncorrected
integrated TUCU XRF peak ratio for these films was 1.0 +
0. I - Thc inductive Tc was 82 * 2 K and the 80% transition
width was :ess than 2 K.

As “Ae source temperature was increasrd, first mixed phase
1212-TIBaCaCuO/22 12-TIBaCaCuO snd then predominantly
riinglepIMSCZ!12-TIBacaCuClthin films were formed. For
those 2212 -TIBaCaCuO thin films containing the lowest
concentm.ions of secondary phases, the Ti/Cu XRF peak ratio
was 1.4 + 0.2. The TC onset for predominantly 22i’2-
TIBaCaCuO thin films varied considerably as source
temperature was varied, ranging from 94 K to 107.6 K.
Transition widths varied from 0.5 K for fiims with higher Tcs
to as high as i 5 K for fiims with lower Tcs, However, when
source temperature was held constant the 22 12-TIBaCaCuO
thin film properties were fairly reproducible, with typical TC
values ranging between 103 K and 106 K and transition
wid~hs less than 2.5 K.

At the highest source temperatures, thallium-rich phases
domil;ated the x-ray diffraction patterns. Ti/Cu XRF peak
ratios ranged from 2.0 to as high as 3.7. Ail fiims wi[h
T1/CU XRF peak ratiosgreater than 2,5 were non-
superconducting.

These results are in qualitative agreement with the
therrnmlynnmic results mcmurerl on powders by Aseloge et al.
a[ 840 “C I I6] and cxmlpirrablc oxygen partial pressure with
onc c.xception. In IIIC earlier study, 1212-Tl13aCaCu0 was
not ob:ervcd us u thcrmodynnmicidiy stable phase under any
condition (If thiiilous oxide partial pressure. Inslcnr.1 2212-
TlikK1.KIJ(l wns observed to mmrsform directly into thullium-
frcc phmcs, Inciuding Ikr(’u02 und (~iio M Iuw thullous oxide
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. pwti~l pressures. In [his ~lur-ly, ncvrly sing!, - phnsc 1212-
TlllaCaCuO ihin films with in[cnsc Xkl) (OOI ., rcflcc[ions

al,d TC comp~rable [o bulk 1212 Tlf3aCU(-Uf3 were readily

formed. The rcsul{s raise [he qucs[ion of whether 1212-

Tlf3aCaCu0 forms in nx.fuccd oxygen partial pressure as a
thermodynamically stable phase or only as a metastable
phase.

B. Film Ctsaracterizo~ion

The primary goal of the present investigation was to
produce smooth 22 12-TIBaCaCuO thin films with good
electrical propeflies. Results are presented in this section for
the best films produced w date. All results are reported for
films produced on 5 mm to 12 mm square l-aAIO~ substrates
under identical conditions at 71J5 “C.

An XRD fl-2G paltern for a 22 12-TIBaCaCuO thin film on
(100) LaA103 is shown in Fig. ‘?. The pattern is dominated
by the (OOf) reflections of 2212-Tl13aCaCu0 and the

reflections from the LaAIOl substrate.

● (001) l12Ba2CaCu208

x ● x

10 20 30 40 50 60

degrees 2(3

Fig. 2. XRD panem (or 2212 TllbCaCuO supamndwcting Ihi,I film.

AKD roeking curve analysis (Fig. 3) taken OVCJ the (00,12)
reflection at 20=36.632° yielded a peak with a full width at
half maximum value of 1.1 I 0. This value is somewhat
higher ~han that of 0.68° previously reported for crucible-
annealerf 2212 -_ilBaCaCuO thin films on LaA103 at 850 “C

[31, and [he difference may be duc to the much lower
thallinatirm temperature in the prnsent study.
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TIIC ii~ inclucilvc nwasurcmcnf ot’ Tc (I:ig. 4) yielded an

induc[ivc TC orrsc[ of 1(,7.6 K and an S0% transition wid[h of
1.3 K, comparable 10 [he highest TC reported for 22 I 2-

Tl13aCaCuo Ihin films 13]. [ 15],

L—d—J—J
90 95 1tn) I 05 110

Tcmpwnlurc (K)

Fig, 4, The ac respr$e versus [cmpcramrc (K) (or a 2212-TIBaCaCuO
thin film TC=107.6 K and ATC=I.3 K [or SO% of [he !ramtimr.

The best JC vaiuc measured in ibis study was 1.3 X 105
A/Lin2 at 7, t;. This vahe compares to the highest reported
JC vahrc for 2212-TIBaCaCuO fi!ms of 2.0 X IN AJcm2 at
77 K [17].

The surface resistance was measured fur a film with a TC
onset of 106 K, ylelrfing an R~ value at 80 K and 10 CHZ of
1.3 mfl. This value compares to the lowest reported value al
130K for 2212 -TIBaCaCuO tiin films of 145 * 15 @ [10].

The higher Rs a[ld lower J. for the present films compared
to the best values previously reported was expxted since the
flow-th~ugh multiplr.mne thallinationprocess has not yet

been optimized. Nevertheless, these early results clearly
dec,onstmte the viability of the prmess for prmfucing films
with good electrical properties.

The SEM mlcrclgrupil of the 22 12-TIBaCaCuO thin film
prepared in the multiple-zonu furnace (Fig. 5.) taken at 5 kk
indicates that the film surface was smooth and the grains were
approximately 400 nm in size. The thin films made by this
process have smal Ier grain sizes and were smother than
buffer powder crucible-annealed films thallinated at higher
temperatures [f 7].

Fig 5 An Sl\hl nlirr~!~lapll (II the sur(wc Id II ?2 12-Tllld ‘n( W) thin lilw

Inkcn IW$ kV
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f3g. 6 An AFM Image of a 2212 -TIBaCaCuO .hin film. RcwI rw.~ square
~ghmss (RMS) = 27,5nm.

The AFM image o: the 2212 -TIBaCaCuO thin film (Fig.
6) illuswiites the rcsughiress of the film. The surface of this
film was covered with pafiicles approximately 130 nm in
diameter and had a t-orx mean square (RMS) roughness uf 27.5
nm indicating that the film was relatively smooth.

C. Zcale Up

Scale up of the pmeess was demonstrated by thallirmtion of
several precursor films prepared on 2 inch X 1 inch
rectangular and 3 inch diameter LaA103 wafers. Using

similar conditions to those yielding the results described
abcve for films prepared on smaller substrates, 2212-
TIRaCaCuO thin films on 2 inch X 1 inch rectangular wafers
with an inductive Tc of 101 K were readi; y prepared. Ilsrther
wol ~-.on optimizing the scale up process is in progress.

IV. CONCLUSIONS

The flow-through multip!e-zone thallination process has
been demonstrated for the fabrication of smooth 2212-
TIBaCaCuO thin films on (loo) LaA103. The TC of the
films of 107.6 K is comparable to the highcs[ Tc previously
reported for thin !iInls of this phase, While the JC at 77 K of
1.3 X 105 A/cm2 and l?~ of 1.3 mS2 at 10 Gi-lz and IN K are
somewhat degrader.1 compared to the tres[ values previously
rcpnrtcd, we anticipate that furlher process optimization will
eventually yield films with comparable properties. Initial
results indicate that scale up of the new process is datively
straightforward, and fabrication of films on three-inch
diameter wafers hiss been demunstratclJ. Anticipmcd
itdvanmgcs of this process over ullwr ihnllintiticn proccsscs
include cnhwrccd run-to-r~n and arcid uniformity, dcc”~irsed
pr[lcc.ssing lime, smd (IIC potcrktial fur its SCillC up to Vcly
lwgc willcr mm llr even Illllllildc wnl’cr pnwcssin}:.

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[lo]

[It]

[12]

[13]

[14]

i15]

[16]

117]

v

F

~

\

[

I

I

!. Z. Sbeng and A. M. llerrmm. “Hulk supcrcooduclivi[y ar 120 K in
[he T1.Ca/tla-Cu-O system. - Mrnrrc, VOI 332, pp. 138-139, 19f18.
.1. A. Subr.smarsian. J. C. Calrrhrcxc. C C. Torardi. J. GopiJ!.rishnan.
f, R Askew. R. 11. I%ppcrs, K. J. Moris.scy, (J. Chowdhry, ad A. W.
Sleight, ‘“Crysral WWcurrc of Ihe high-lem~raturc mrpcrconducmr
ll~Ba2CaCu2(l~.’” Norurc. vol. 332. pp. 420-! 22, 1988.
%’.L. I{olsrcin, L, A. Parisi, C. Walker, and R R. I Iippcn.
“T12Ba~CaCu20g films with ver; low microwaw surf=: rmiimnce
Up IO 95 K.- A/@. Phys. LiL. VOI. 60. PP. 2014. ?LI16, 1$;2.
t. B. Hammond, G, V. Negrcte, L. C. Bournc, D. D. Worhcr. A. H.
r%dona. and M. M. Eddy, ‘F#itaxiaJ Tt2Ba2CaCu20g lhic fiimu with

low 9.6-GHz surface r-csismrrtx at high power above 77 K. ‘Appl.
f’hys.Ldf., /0[. 57, pp. S25-827. 1%0
i. I. Shah, N Hemsn, C. R. Fhrcbcr. and W, L. Holstein, “Fabrication
of TJ-Ba-Ca-Cu-O films by anrreating rf-spctrercd Ba~-5r.O films
m thallium oxide vapors,- App/. Phys. Mr., vol. 56. pF. 782-7S4, 1990.
N, Y. b, V, Y, k. J. Safem, T. C. Huang, R. Savoy. D. C, Bullak,
and S. P. Parkin, “Supmconduaing Tt-Ba~-Cu-O thin films wiih
zwo rrsismmx at remtiransms UD to 120 K. ‘ADD1. Phw. MI.. vol.
53, pp. 329-331, t98~. “ ‘ - -
). S. Girdey, J. S. Marlens, fZ L. Venturini, C. P. liggcs, C. Ashby, and
S. Volk, ‘Synlksis and prmesing of lh,n films in h Tt-Ca-Ba-Cu-O
sys[em.” IEEE Tram Appl. Super-con.,vol. 3, pp. 1201-’ X34, 1993.
>. S. Ginley, “lI-baaed HTSC films for micsmlatmnicz applicaricma,-
in Thrzfhurn-Based High-Teaspemtsrre Supermssdssctor% A: ‘M.
Hcrmarrn and J. V. Yakhmi, E&. Marcel Ukker, Inc., 1994, pp. 195-
2?0.
‘. Arendl. N. Etlism. R Dye, K. Hubbad. M. MaJcy, J. Martin, Y.
&r~cJ, and B. Bcrmett. J. Eftctron Afatcr.,vd.21, pp. 499-50t,

W. L. Holstein. L. A. Parisi, Z.-v. Shin, C. Wilker. 14. S. Brcnrsm,
and J. S. Martens, “Surface m{ssancc of Iargc-asca thin films at
micmwavc and rrsillirncmr wave kqw.ncics rrsuswcd by Ihrcc
noncavi(y tcchnu+scs,” J. Superrossd, vol. 6, pp. 191-2Ur, 1993.
J. A. DcLuca. M. F Gaztsaukm,R. B. Balon, J. G. McMullen, W. E.
Balz, and P. L.. Karax. Ilrc synttwsis of supcrco,lduaing T1-Ca-Ba.
Cu-orridc filmshy IISCrmxion of spray depoaitai Ca-Ba-Cu-oxide
precursors with Tt20 in a Iwo-zonc Wtor,- J. Maler. Res.. VOI. 6

~ ~~~~~$~~~,’”?!eby~mic Considcmtions ror,hc vapur plmsc
processing of Tt-Ba-Ca-Cu-O mspcrconduclora,- A,@. Srrpwcorsd,
vol. 2, pp. 345-358.1994,
W. L. Holslein, ‘Thermodynwnics nr tk vnlatiliz~ion of Tt20 fmm
Tt2tl, T140~. and 11203,. J. Phys. Chem, vol. 97, pp. 4224 A1230,

1993.
C. Wilkcr, Z.-Y. Skn, Z.-X. Nguyen, and M. S. Brerura. .A sapphire
rcsonaror fur microwave characterization of mrpcrconducling Ihin
‘Ihrw.” IEEE Trrzru. Appl. Srrpewsnd, vol. 3, p 1457-1460, 1~93
S, L.. Yan, L. Fang, Q. X. Song, J, Yan. Y, P. &s, J. tt L3ms, and S.
B. Zhrssg, “Formation of cpimsial l12tJa2CaCu20~ thin films ar h-rw
Icmperarure in pure argon. - A@. Phys. Mr., vol. 63. pp. t E45- 1847.
Iwl. . . ..
T, L. Asclagc, E, L. Vcnlunni, arrd S. B. Van Ilxxen. “Twrs-zone
equilibria of T1.Ca-fka-Cu-O mspercondrrctom,” J. Appl. l’hyc, VOI 75.
Jsp. 1023-1031, 19Y4
W, [.. Ilolslcirr, C. Wilkcr, l). Il. brhachcr, D W. Fa~~, P, Prmg, M.
s Warrin~lun, C 1’. Carter, and L. A. Parisi, “Crilical cumenl knsily
iusd rmistivi!y nwmrrc.menls fnr long patterned lines in Tt2Hay-n-
(“112[)~ thin films,” J, App/ Ph,vs , w-d. 74, pp. 14261410, 1993.


